Interrelationships between the multifractal properties of epicenter distribution (D q ), the Gutenberg-Richter b value, and GPS derived strain (shear and dilatation) for 
INTRODUCTION
Fractal analysis is often used to quantify the size-scaling attributes and clustering properties of seismotectonic variables. In recent years, fractal concepts have been widely used to characterize various aspects of landscapes, coastlines, rocks fracture patterns, and seismicity and regional tectonics [Nakaya and Hashimoto, 2002; Oncel and Wilson, 2002; Sunmonu et al., 2001] . It has been shown, for example, that earthquake magnitude and fault trace patterns have a power-law distribution, which is often expressed by various estimates of their fractal dimension. These estimates include the capacity dimension (D O ) derived from box-counting, the correlation dimension (D C ) of epicentral clustering derived from the two-point correlation function, and the Gutenberg-Richter b value derived from the slope of earthquake frequency-magnitude relationship. Recent studies suggest that interrelationships between these complex variables, particularly the seismic b value versus the fractal dimension of epicenters (D C ) and capacity dimension of fault trace distribution (D O ), vary in a systematic way related to the earthquake process and fault complexity [Öncel et al., 1995; Oncel et al., 1996a; Oncel and Wilson, 2002; Oncel et al., 2001] .
For example, temporal variations between b value and the fractal dimension of hypocenters (D C ) tend to be negatively correlated over long time intervals. Changes in this correlation from negative to positive were observed along the Northern Anatolian Fault Zone (NAFZ) during the 25 year period preceding the 1999 Izmit Earthquake [Öncel et al., 1995; Oncel and Wilson, 2003] . Spatial variations of b and D C are also negatively correlated along the NAFZ [Oncel et al., 1996a] . Decreases of b in the central segment of the NAFZ are accompanied by increases of D C . Oncel et al., [2001] also examined the spatial correlation of b value and the capacity dimension (D O ) for the active fault patterns throughout Honshu, Japan, and found patterns of both positive and negative correlation. Regions of positive correlation were interpreted to be regions in which stress was released through increased levels of low-magnitude seismicity along smaller fault strands. Regions of negative correlation were interpreted to be tectonic regions in which tectonic stress tended to be released through larger magnitude seismicity along larger interconnected fault strands.
Multifractals provide a more complete characterization of both the spatial and the temporal properties of seismicity distribution than do monofractals [Kagan, 1994] , since multifractal components provide additional information about the irregularities and complex-dynamics of seismotectonic processes. In the following analysis of epicenter distributions, D 2 is interpreted to characterize regional scale clustering while D 15 is interpreted to characterize local scale clustering in the region [Godano and Caruso, 1995] . For example, Kagan and Jackson (1991) In this study, variations in the patterns of seismicity are considered for microearthquakes with magnitudes (M D ) ranging from 2.6 to 4.8 in addition to larger earthquakes with magnitudes (M D ) ranging from 4.6 to 6.0. Fractal analysis undertaken in this study is used to evaluate spatial changes in the fractal clustering of earthquake hypocenters in western Turkey where shallow and deep-seated seismicity appear to be concentrated near crustal faults associated with interaction between the subducting African plate and the overriding Aegean-Anatolian plate in the eastern Mediterranean [Eyidogan, 1988] , along the transform boundary between the Anatolian and Eurasian plates in northern Turkey, and the region of extension between them.
DATA a) Seismicity
A fairly uniform earthquake-monitoring network has been in operation in northwestern Turkey since 1970 [Ucer et al., 1985] . Hence, the station coverage since that time yields a reliable record of seismicity in all regions of the study area so that variations in the recorded patterns of seismicity are generally unrelated to variations in station coverage. In this study, the period of analysis is restricted to earthquakes occurring from 1981 to 1998. This observation period follows the upgrade of the Turkish and Greek Networks in 1980. The completeness of seismicity used in this study has been determined from frequency-magnitude (FM) statistics [Wiemer and Wyss, 2000] Threshold magnitudes were determined from the goodness of fit to a fractal or power relation observed in the FM distribution. Limited station coverage can lead to reduced slope or anomalous slope breaks in the low magnitude end of the FM plot. Since threshold limits are incorporated in the present study, slope changes resulting from inadequate station density are minimized. We used nearly half (32) of totally 67 different seismic zones suggested by [Papazachos and Kiratzi, 1996] Robust fractal analysis requires a set of at least 100 events [Havstad and Ehlers, 1989] . This criterion was adopted since differences in fractal dimension with alpha levels less than 10 percent could not be found in data sets consisting of less than 100 events. Thus the analysis of seismicity patterns conducted here is restricted to the analysis of data sets including at least 100 events to insure that reliable estimates of fractal dimension are obtained. Under this restriction, there is insufficient data in several of the zones defined by [Papazachos and Kiratzi, 1996] . This is especially a problem in the Eastern Mediterranean. To honor this restriction, some zones were combined into larger seismic zones to ensure that each zone contained at least 100 events. After these combinations were made, it was possible to subdivide the study area into a total of 25 seismic zones each of which contained 100 or more epicenters (Figure 1) . Specifically, zones 9b-9c, 5b-5a-5A-5B, 4b-4B, and 4a-4A of Papazachos and Kiratzi [1996] were merged to form seismic zones 19, 23, 24, 25, respectively of our study. The completeness of the seismic record (or threshold magnitude) varies through the region from minimum magnitudes of 2.6 to 3.8 (see Table 1 ). This indicates that station coverage is not dense enough in some parts of the study area to record all events of M D ≤ 2.6. Based on the threshold analysis, minimum magnitudes as high as 3.8 (zone 23, Table 1 ) were used in this study.
In addition, the analysis of seismicity conducted in this study was restricted to shallow events (≤40km) consistent with previous studies [Papazachos and Kiratzi, 1996] . The 40 km maximum depth was adopted in this study since, in general, the seismogenic layer is suggested to be only 20-30 km thick for western Turkey; however, based on errors in hypocentral location, the less stringent lower limit of 40 km be adopted. b) GPS-derived strain rate field GPS strains used in this study were taken from [Kahle et al., 2000] , cover the period of time extending from 1988 to 1998. The distribution of GPS control points used in this study is shown in Figure 1 . The values of shear strain and dilatation computed from the GPS network are also shown in Figure 1 . The 25 seismic zones into which the study area is subdivided are also outlined for reference. Kriging was used to interpolate the irregular distribution of observation points in the GPS network onto a regular 2.3 km (east-west) by 3.3 km (north-south) grid. Average shear strain and dilatation in each seismic zone was estimated by averaging the kriged estimates in each zone. Average values of shear and dilatation strain are listed in Table 1 for each seismic zone.
DATA ANALYSIS PROCEDURES

Seismic b value:
Estimates of b value in the Gutenberg-Richter (1954) relation:
imply a fractal relation between frequency of occurrence and the radiated energy, seismic moment or fault length, and is one of the most widely used statistical parameters to describe the size scaling properties of seismicity. The maximum likelihood method provides the least biased estimate of b value (Aki, 1965) .
where M mean is the mean magnitude of events and M min is the minimum magnitude of completeness in the earthquake catalogue. Accurate estimates of local changes of M min can be made if relatively large numbers (100 or so) of local observations are available for analysis [Wiemer and Wyss, 2000] . Seismic b value is negatively correlated to mean magnitude and mean crack length [Main, 1996] . The value 0.05 in requires more than one fractal dimension. [Kagan, 1994] , for example, suggest that a single fractal dimension does not adequately describe geometrical irregularities since two objects with the same fractal dimension could have significantly different properties and most geodynamical processes have geometrical interrelationships that vary with scale. Multifractals are used to describe a heterogeneous fractal set.
Following Grassberger and Procaccia, [1983] and Hentschel and Procaccia., [1983] , the generalized dimension (D q ) is defined as follows:
where p i is the probability that a box of size l will contain part of the pattern (or, in the present context, one or more epicenters). The standard error in the estimate of D is, on average, ± 0.03, and ranges from approximately ±0.01 to 0.05. The discrete form of the generalized correlation integral function [Hirabayashi et al., 1992 ] is defined as:
The spectrum of the generalized fractal dimensions (D q , q = 0, 1, 2,..) of hypocenter distributions estimated from the linear portion of the log-log plot of C q versus distance can be used to evaluate the distribution for multifractal behavior. The better-known capacity, information, and correlation dimensions correspond to values of q = 0, 1, and 2, respectively. The differences between heterogeneous and homogeneous fractals are inferred from variations in D q . It is the variability of D q that identifies multifractal behavior. In contrast, a monofractal is characterized by invariant D q and is associated with relatively homogeneous geometry at all scales.
Multifractal exponents can be computed for both positive and negative values of q, and are interpreted to characterize the degree of clustering from highly to sparsely clustered, respectively. Our study is restricted to computation and analysis of fractal dimensions with positive q values of 2 and 15. The variation of Dq versus q for seismic zone 1 (Figure 2 ) reveals consistent decreases in D as q increases from 2 to 15 and D 2 is always greater than D 15 . Values of q greater than 15 were not computed in the present study based on the results of Lei et al. (2003) which showed that D does not change significantly when q is greater than 15.
The log(r) vs log (C r ) plots of multifractal components D 2 through D 15 are shown for the selected seismic zones through the study area in Figure 3 and the time variation of seismicity in those zones is illustrated in Figure 4 . D 2 , the correlation dimension, is sensitive to small changes in the density of points within small subdivisions of the pattern. The higher order dimensions are increasingly sensitive to heterogeneity in the distribution of points, since D 15 is usually less than D 2 . This suggests that seismicity is more clustered at local scales.
Statistical Comparison:
In the following analysis we evaluate the statistical significance of differences in median value using the Mann-Whitney test [Davis, 2002] . The Mann-Whitney test is a non-parametric alternative to the t-test that does not require that observations come from normally distributed parent populations. The Kolmogorov-Smirnov test was first used to determine whether sample observations were normally distributed. In the majority of cases, the observations of b value, D, magnitude, and strain are not normally distributed and so the non-parametric MannWhitney test was used instead of the t-test.
In the Mann-Whitney test, the two samples are combined and ranked. The test is based on differences in the sum of the ranks for the two samples. A given difference in the sum of the ranks will have some probability of random occurrence for samples drawn from the same parent population. Large differences in the sum of ranks have lower probability of occurrence than smaller differences. Just as with the ttest, the probability or risk you are willing to accept as a criterion for significance in the difference is referred to as the α level. In the majority of cases we will specifically cite the probability p that the two samples could be drawn at random from parent populations that have equal median.
In practice, the difference in median value is considered statistically significant if the probability (p) that they are identical is less than 0.05. This threshold probability is referred to as the α -level. Conclusions about differences of median value can be stated as one-or two-tailed results. That is, it is possible to conclude that the median of one sample is greater than the median of another sample (a one-tailed test) or, simply, that the means are different (a two-tailed test). In the following discussions if the median value of a statistic in one area is referred to as greater than that in another area then the test is a one-tailed test. The one-tailed probability is half the two tailed probability.
The following statistical comparisons also include regression analysis conducted to determine whether linear relationships exist between seismotectonic variables. The regression analysis yields a correlation coefficient which is a measure of how well the variations associated with one variable predict those associated with another variable. The significance of the correlation coefficient is evaluated by computing the probability that the slope of the regression line could actually be zero.
The significance of the regression coefficients (i.e. the slope and intercept) can be estimated using a t-test (see Davis, 2002) . In this case the t-statistic is estimated from the variance of the slope about the regression line. In our analysis we present correlation coefficients for relationships between seismotectonic variables, and note the probability, p, that the slope of the regression line could be zero. The test statistic is derived from the confidence interval about the regression line and thus is a twosided test. In general, we state the probability that the correlation coefficient could actually be zero or have opposite sign. We use a cutoff probability or α-level of 0.05 unless otherwise stated. Thus for a correlation coefficient r = 0.7 and p = 0.03, there is a 0.03 probability that the population parameter (actual slope, for example) could be zero. We consider the correlation to be significant since p ≤ α.
RESULTS
Scale transitions in the patterns of earthquake seismicity
Fractal analysis of scaling relationships observed in patterns of seismicity and fracture systems often reveal the presence of scale transitions [Main, 2000; Wilson, 2001] . In this study we also examine the log(r) vs. log (C r ) plots for changes of slope with scale (r). Regression lines calculated for the 2 to 10 km and 10 to 40 km subdivisions of the log (r) vs. log (C r ) plots are shown for several seismic zones within the study area (Figure 3 ). Transitions were not observed in all seismic zones, and they do not always occur at the same value of r. Examination of all log(r) vs. log (C r ) plots generally revealed slope transitions in the 5 to 20 km range. For this study we chose to compare variations of D over the 2 to 10 km and 10 to 40 km range to determine if systematic differences exist in the behavior of the log(r) vs. log (C r ) plots (see Table 2 ). Values of D derived over the 2 to 10 and 10 to 40 km scales as well as full-range estimates are compared to b value and GPS strain (shear and dilatation strains) in Table 3 .
(a) Previous observations in North Anatolian Fault Zone
Previous research suggests that slope breaks observed in the fractal analysis of seismicity distributions may be associated with the thickness of the seismogenic zone or with changes in cluster size [Öncel et al., 1995; Oncel et al., 1996a; Oncel et al., 1996b] . Öncel et al., [1995] make this interpretation for slope breaks observed along the western length of the Northern Anatolian Fault Zone [Öncel et al., 1995] . Pacheco et al., [1992] report similar interpretations for earthquake data. Oncel et al., [1996a] found that for scales less than 20 kilometers the fractal dimension (D <20 ) by the lower fractal dimension at more regional scale (scales greater than 21 km) is interpreted to be an artifact of the aftershock activity and not really a long term characteristic of that zone. The result also suggests that heterogeneity in the catalogue due to inclusion of secondary events (aftershocks) might be distinguished by scale changes in fractal distribution. The significance of these observations is explored further by dividing this seismic zone into two subregions consisting of the aftershock zone (Cluster A) and the remainder of the seismicity outside the aftershock zone (Cluster B) (see Figure 5) . The log C(r) vs. log (r) plot reveals distinct slope breaks at 21 and 3 km similar to those observed for the whole area. Slope breaks for seismicity outside the area directly affected by the aftershock sequence reveal additional variability in the background seismicity pattern. With the exception of q = 2, a distinct slope break occurs near r = 21km. D q=2 corresponds to the correlation dimension (Dc).
Changes between the fractal dimension (D C ) and multifractal (q=3-15) measures illustrate the sensitivity of multifractal characterization to changes in the local complexity. The location of the slope break at 21km in both the aftershock zone (Cluster A) and surrounding area (Cluster B) suggest that the main event may have had some influence on stress distribution outside the immediate area affected by the aftershock sequence.
In general, differences between D 2 and D 15 are related to differences in the tendency for seismicity to be clustered or dispersed at different scales. However, the changes in D may also be associated with merging of events in border areas separating different tectonic regions. seismic zone 19 (Figure 6a 33 and 1.24, respectively) . However, the non-parametric Mann-Whitney test suggests these differences are not significant. In addition, the lower b value in the region of compression could be due to the slightly higher average threshold magnitude used in that region.
While the differences in D 2 between the region of compression and regions of extension and shear are significant over the full range, statistically significant differences are not observed over the 2 to 10 km and 10 to 40 km scales. However, the difference is closer to significant over the 10 to 40 km range than over the 2 to 10 km range. This suggests that the tendency toward increased clustering in regions of extension and shear is associated more so with behavior over the 10 to 40 km scale range.
Variations of complex variables in the western Anatolia
Seismicity in western Turkey and the Eastern Mediterranean is associated with a variety of tectonic features, focal mechanisms, evolution of stress and systematic differences in seismic moment [Eyidogan, 1988; Taymaz et al., 1991] . The seismic zones mentioned earlier were grouped into regional subdivisions based on the predominant style of deformation occurring in those regions. These regional tectonic subdivisions are based on fault plane solutions for the period 1953-1999 [Kiratzi, 2002] . Correlations between the D 2 , D 15 , b, and GPS derived strains are tabulated in Table 3 . This table also includes computed correlations over different scale ranges mentioned above, including: the full range that extends approximately from 2 to 80 km; the crustal scale, 10 to 40 km range; and the local or shallow, 2 to 10 km range.
(a) Strike-slip tectonic Region (Northwest Anatolia)
The tectonic subdivision including seismic zones 1, 2, 3, 4, 7, 8, and 9 (Figure 1) in northwest Turkey is associated with maximum dextral shear strain rates along the present-day Northern Anatolian Fault Zone (NAFZ) and its continuation into the northern Aegean Sea [Kahle et al., 1998 ]. The temporal increase in seismicity rate from 1981 to 1988 is largely associated with aftershocks of larger earthquakes such as the 1981 (M w =6.8), 1982 (M w =6.6), 1983 (M w =6.6) in zones 4, 7, 8, 9 (see Figure 1 and Figure 4) . Seismicity in the remainder of this region is related to the interseismic deformation. Thus, the regional seismicity in this area is related to post-seismic and inter-seismic deformation.
GPS strain data reveal both transpressional and transtensional stress behavior along the NAFZ, where the compressive stress orientation is NE-SW and extension occurs in NW-SE direction [Kahle et al., 1999] .
Correlation coefficients calculated between multifractal dimensions D 2 and D 15
(measured over the full range) and b value (see Table 3 
(c) Region of compression (Southwestern Anatolia)
Seismicity in the southwestern part of the study area is associated with a subduction zone. The region is dominated by thrust faulting, however, the eastern part of the zone includes a significant strike-slip component [Taymaz et al., 1991] .
This tectonic subdivision is located in subareas 20 through 25. Subduction in this region has been active since the Tertiary [Dewey et al., 1973; Main and Burton, 1989; Smith, 1976] . Earthquake swarm activity in seismic zone 21 led to an increase in nstrain/a, respectively).
Significant correlation between b value and GPS strain is limited to that observed in the region of compression. As mentioned earlier, in this region, the shear strain correlates negatively with b value (-0.83, p = 0.04). The correlation of dilatation to b value is weakly positive (r = 0.73 with p = 0.1). The correlation coefficient increases to 0.97 when we look only at the three observations from seismic zones 23-25 where dilatation is negative; however the probability that the slope of the regression line could actually be zero increases to 0.15. These three observations are too few to make a more definitive conclusion. However, in either case, the relationship suggests the tendency to have increasingly negative dilatation with smaller b value; i.e., increased compressive deformation leads to increased probability of higher magnitude seismicity. The absence of greater significance in the correlation between b and dilatation in the region of compression is most likely related to the variability in plate interaction from transtensional in the east (zones 20-22) to transpressional in the west (zones 23-25).
The relationship of seismicity distribution (D) to b value and strain is well defined only in the region of shear (the NAFZ). In the region of shear, D correlates with b at regional scale (full range and 10 to 40 km scales).
Discussion and Conclusions
(a) Fractal range and heterogeneity
Analysis reveals significant variation in the multifractal properties of seismicity between the tectonic subdivisions of the area (see Table 2 ). For example, The time span is held constant throughout this study. In addition, the range of r for which D is computed is also held constant. This ensures that the results are reproducible and that variations in the parameters are not simply the result of differences in time interval or spatial range over which the estimates are made. This allows us to interpret our results in terms of the seismotectonic attributes of distinct regional tectonic subdivisions.
(b) b-value and GPS deformation rate
The median b value observed along the NAFZ (strike-slip zone) is 1.24; this is almost identical to the median b value associated with shallow thrusting in the region of compression (1.23). However, the GPS strain data suggests the region of compression could actually be subdivided into two segments: one of transtension 
(c) Correlation and Seismic Hazard
The results obtained from analysis of data along the NAFZ suggest that as the [1992] . Oncel and Wilson [2002] tentatively proposed the idea based on changes observed along the western segment of the NAFZ. In that study, changes in b and D were followed during the period of time extending from 1945 through 1988. In their study they show that the correlation between D and b changes from -0.92 (1945 to 1975) to 0.48 (1976 to 1988) . The 
